INTRODUCTION

MEASUREMENT SYSTEM
Requirements
The purpose of the monitoring system is to locate partial discharges in case these discharges occur during the heating cycle voltage test of MV accessories. Because of the short length of test loops, normally the length stays below 20 m, the localisation accuracy has to be in decimetres in order to pinpoint a discharging accessory. This implies that traditional equipment for diagnosing MV cable circuits is not suitable. When a discharge is detected, the signal should be processed on-line to determine the location and the discharge magnitude. This information is to be displayed in a so-called discharge map, a 2-dimensional graph with horizontally the position along the test circuit and vertically the discharge magnitude. Naturally, a disturbance signal has to be distinguished from a partial discharge signal. Therefore any detected signal first has to be identified as a partial discharge signal or disturbance before any other processing may take place. Needless to say that maximum effort should be made to avoid the occurrence of disturbance, but since type tests on these accessories are seldom performed in a shielded room, it can not be avoided completely. Special care has to be given to the layout of the measuring cables and the grounding of the sensors and the measurement equipment from an EMI point of view.
Realisation
The heart of the on-line measurement system is a fast sampling oscilloscope. The maximum sample rate of this oscilloscope is 2 GSa/s, which could principally give an accuracy of up to 10 cm. However, the rise time of discharge pulses shows that this accuracy can not be attained and an accuracy of ± 20 cm is more realistic. The PD sensor is a small size HV coupling capacitor which is mounted next to the termination of the test loop. Because the two ends of the test loop are close to one another, PD sensors are installed at both ends. These two sensors simplify the localisation of a PD event for it avoids the need to find a reflection in an acquired signal. Localisation is based on a simple formula:
where X is the location of the detected discharge, L is the total length of the cable, v is the propagation speed of (discharge) pulses in the cable and t is the time difference between the pulses detected at both ends, provided the signal cables have the same length. A high pass filter eliminates the power frequency component in the signal and a kind of notch filter suppresses signals in the FM-band. Figure 1 gives an impression of the coupling capacitor and the high pass filter. Especially the filter that suppresses frequencies in the FMband is an important component for it enables a much more sensitive detection of partial discharges than without. Figure 1 . Impression of test set-up. The white cylinder is the coupling capacitor and the white box below the capacitor is the low pass filter.
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Data transfer from oscilloscope to computer is done by GPIB and for the processing of acquired signals a special program is written in a graphical programming environment. This program enables the on-line processing of signals which then can be presented in the discharge map. In the map each partial discharge appears as a dot, the distance on the x-axis representing it's location and the height on the map representing the magnitude.
MEASUREMENT RESULTS
The system described here is recently developed and hence the only experience is with sample cables. The sample we used was without partial discharges. Of course, a discharge-free sample is ideal to test disturbance rejection, but not good for testing sensitivity, localisation accuracy, etc. Therefore a simple artificial defect was made in this cable. Around 10.4 m the outer layers of the cable were removed up to the outer semicon. A small part of this outer semicon was removed as well, resulting in surface discharges when energising the cable, or in fact when energising that particular phase of the cable since it is a three phase cable. With this artificial defect aspects regarding localisation accuracy in relation to sensitivity and sample rate have been investigated as well as the effectiveness of filtering and the layout of signal cables.
Sensitivity
The trigger level determines for an important part the sensitivity of the measurement. With the trigger level set just above the noise level the oscilloscope triggers mostly on small discharges for these occur much more frequent than the larger ones. These small signals are relatively more affected by (continuous) disturbance, which complicates the exact determination of the start of a pulse. This starting point is necessary to determine the time difference between the PD pulses from both sensors which result in the localisation. Experiments have shown that the spread in location is considerable larger with the smaller discharges than with larger discharges. Is the accuracy for the larger discharges (> 100 pC) approximately ± 20 cm, for discharges between 20 pC and 70 pC this increases to ± 50 cm, see also figure 2. Based on this observation it seems to be sensible to have a trigger level of at least twice the noise level and the larger discharges in the discharge map give a more precise indication of the discharging site.
Filtering
Little use is made of filtering: only a high pass filter to suppress the power frequency component (50 Hz) and some kind of notch filter for suppression of frequencies in the FM-band (90 -110 MHz). The reason for using as little filtering techniques as possible is to keep a discharge pulse in its original shape as it arrives at the coupling capacitor. The high pass filter is a fairly simple higher order filter and is made of passive components. It's cut-off frequency is approximately 20 kHz. This filter efficiently suppresses the power frequency component, for recorded signals do not show any 50/60 Hz related offset (a power frequency component would show up as an offset in recorded time frames of about 500 ns!). The other filter is necessary because of a close-by radio transmitter. Analysis of the background noise with a spectrum analyser learned that the major disturbance frequency is around 88 MHz and two smaller peaks appear at 
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Session No approximately 102 and 104 MHz. In order not to affect a partial discharge pulse, a narrow band stop filter is choosen which effectively suppresses the 88 MHz signal and reduces the other two frequencies to less than 50%. This is illustrated in figures 3 and 4. Before the application of this filter, discharges below 100 pC could not be located properly, now the threshold is approximately 10 pC.
Sample Rate
The influence of the sample rate on the acquired signals is studied. The oscilloscope in use has an option to select certain sample rates. The highest sample rate being 2 GSa/s and this can be reduced to 1 GSa/s, 500 MSa/s, 200 MSa/s and so on. As mentioned before, the sample rate has a direct influence on the location accuracy. In this respect a sample rate of 500 MSa/s and less would negatively influence the accuracy too much and is therefore not desirable. In respect of location accuracy there is apparently no difference between a sample rate of 2 GSa/s and 1 GSa/s. This is caused by the fact that the slope of a PD pulse is accurately sampled with 1 GSa/s. When sampling with a higher rate this will result in more data to be transferred and processed, assuming that the recorded time-frame remains the same. In practice, the data to be transferred (number of sample points) is limited even with 2 GSa/s and therefore the highest sample rate does not result in a noticeable slower system.
Lay-out of Signal Cables
The coaxial cables to transmit the partial discharge signal from the coupling capacitor to the oscilloscope should be layed down on the floor in such a way that it will minimize EMI. The signal cables together with the power cable under test make up a certain area in which interference may be picked-up. To minimise this interference, the total area should be kept as small as possible. This can be achieved by laying the signal cables from the ends of the power cable, i.e. from the coupling capacitors, along the power cable towards each other. When they meet, both signal cables will go in close proximity to the oscilloscope. At the oscilloscope special care is given to the grounding: the shields of both signal cables and the ground of the line-voltage are interconnected before the signal arrives at the input channels.
Distinguish Disturbance from PD
With two sensors (coupling capacitors), two input channels of the oscilloscope are occupied, leaving two other channels free. These may be used for disturbance recognition. The basic idea is that a PD signal is only present inside the cable. If the other two channels are connected to a carefully choosen sensor but not connected to the cable under test, these two channels will not yield a signal when a discharge occurs. On the other hand in case of an external disturbance both the PD sensors and the other two sensors will detect a signal. This can then simply be rejected by the processing program.
Unfortunately in practice this works out to be not as straight forward as one would expect. Larger disturbances definitely can be discriminated from partial discharges, but the smaller disturbances just above the noise level are not completely rejected this way. As in the section Sensitivity, the here mentioned experience also suggests to set the trigger level not just above the background noise, but at a larger value, e.g. twice the noise level.
FUTURE
Next step in this development is the application of this system on a real test. This is foreseen early 2005 and results will be given in an update at the conference. Another step in this development might be a change in sensor. The present small size coupling capacitors are limited in voltage and a sensor independent from the applied voltage would seem to be desirable. This may be achieved by changing from capacitive pick-up to inductive. High frequency current transformers may be installed in the earthing connection of the cable under test. However, from a reflection-theory point of view, the capacitive pick-up (voltage sensing) seems to be favourable over the inductive pick-up (current sensing) because at the end of the cable a partial discharge pulse is reflected, resulting in a double voltage signal but no current! Naturally, things are not black and white or in practice stray effects also play a role but earlier experience with inductive pick-up has shown that this needs careful development.
CONCLUSION
A measurement system has been developed to detect and locate partial discharges on-line. This system is intended to provide the manufacturer additional knowledge about the behaviour of accessories with respect to partial discharge activity during the heating cycle voltage test, part of the type test of (MV) cable accessories. The first experiments have shown that discharges can be located with an accuracy of ± 20 cm, accurate enough to pin point an accessory in a test loop. These experiments with an artificial defect producing surface discharges showed a detection sensitivity of approximately 10 pC.
